[1] The sudden formation of parallel electric fields in the magnetosphere-ionosphere (M-I) coupling system is essential to complete substorm onset. From this standpoint, we focus substorm ignition on field-aligned acceleration by studying the dynamical behavior of auroral kilometric radiation. Field-aligned auroral acceleration shows a distinct two-step evolution at substorm onset: the activation of low-altitude acceleration (h ∼ 4000-5000 km) which corresponds to auroral initial brightening and the subsequent abrupt breakout of high-altitude acceleration (h ∼ 6000-12,000 km) which corresponds to auroral breakup. Cases when only low-altitude acceleration (first-step evolution) is activated are pseudosubstorms. This indicates that the second evolution of field-aligned acceleration divides full substorm from pseudosubstorm. The statistical relationship between the plasma flow burst in the plasma sheet and its response to the M-I coupling region shows that about 65% of flow bursts cause pseudobreakup/initial brightening (low-altitude acceleration) and one third of them develops into full substorm (low-altitude and highaltitude accelerations), while the magnitude of flow velocity does not necessarily distinguish between pseudobreakup and full substorm. This suggests that some plasma flow bursts originate field-aligned current which first enhance low-altitude acceleration, and the increasing field-aligned current induces second acceleration above the preexisting low-altitude acceleration as a consequence of current/current-driven instabilities. In this sense, the substorm is finally ignited in the auroral M-I coupling region.
Introduction
[2] Auroral substorm morphology documented by Akasofu [1964] has been widely accepted; the early expansion phase of auroral substorms is characterized by sudden brightening of one of the quiet arcs or a sudden formation of an arc (Stage I of expansion phase) which is followed by rapid poleward motion of the brightened arc, resulting in an auroral bulge within a few minutes (Stage II of expansion phase). Stage I, which is not followed by Stage II, is called a "pseudobreakup". These two stages of auroral substorm onset imply that substorm onset is composed of a two-step auroral particle injection and/or an acceleration process. However, the physical process for the stepwise auroral development in the ionosphere and its relation to substorm triggering in the magnetosphere are still not fully understood.
[3] From this viewpoint, geophysical differences between pseudobreakups and full substorms have been studied. McPherron [1991] noted that pseudobreakups are characterized by short lifetimes, extreme localization, and weak magnetic perturbations on the ground. Many extensive studies have been carried out in the magnetosphere, and these have led to the conclusion that pseudobreakups do not show any distinct differences in plasma, particle, or field characteristics with those of full substorms, except for their magnitudes [Ohtani et al., 1993; Koskinen et al., 1993; Nakamura et al., 1994; Sergeev et al., 1995; Aikio et al., 1999; Partamies et al., 2003] . The association of Earthward flow bursts in the plasma sheet with pseudobreakups has also been reported by Nakamura et al. [2001a Nakamura et al. [ , 2001b . The results obtained from these numerous studies have confirmed that there are no significant physical differences between pseudobreakups and full substorms in the magnetosphere and on the ground. Aikio et al. [1999] considered that there was a phenomenological continuum of states between small pseudobreakups and large substorms.
[4] Ieda et al. [2001] found that auroral brightening associated with reconnection does not always develop into global substorms and suggested that the formation of a nearEarth neutral line is not a sufficient condition to trigger a full substorm. Ohtani et al. [2002a] suggested that an unknown condition is necessary to develop from a pseudobreakup to a full substorm, even when magnetic flux transport is sufficient from the midtail region to the inner plasma sheet region.
[5] There are currently two major scenarios for the trigger of a substorm: the near-Earth neutral line model [e.g., Baker et al., 1996; Shiokawa et al., 1998a; Angelopoulos et al., 2008] , which claims that magnetic reconnection in the midtail initiates substorm onset, and the current disruption model [e.g., Lui et al., 1992; Erickson et al., 2000; Lui et al., 2008] , which claims that cross-tail current disruption in the near-Earth tail region triggers substorm onset. Both scenarios operate in the magnetosphere and are not necessarily self-evident with the auroral breakup process in the ionosphere, whereas the sudden formation of a parallel electric field in the magnetosphere-ionosphere (M-I) coupling region is essential to complete substorm onset.
[6] The auroral particle acceleration parallel to the ambient magnetic field in the upward field-aligned current (FAC) region was first found by sounding rocket observations [e.g., Evans, 1974; Arnoldy et al., 1974] and confirmed by satellite observations [e.g., Shelley et al., 1976; Mizera and Fennell, 1977] . Direct evidence of parallel electric fields in the auroral acceleration region was reported by Mozer et al. [1977] . Subsequently, many polar orbiting satellites have disclosed large-scale and small-scale structures of fieldaligned potential and their relation to auroral particle acceleration. Recent in situ observations from the Polar and Fast Auroral Snapshot (FAST) satellites revealed detailed characteristics of field-aligned electric fields together with accelerated particle spectra [e.g., McFadden et al., 1999a] and background plasma distributions therein [e.g., McFadden et al., 1999b] . These observations suggest that parallel electric fields are located at two altitudes (high altitude E // and low altitude E // ) from about 0.5 to 2 R E [Mozer and Kletzing, 1998; Mozer and Hull, 2001; . These in situ observations greatly contributed to the understanding of the quasi-steady auroral particle acceleration.
[7] From the standpoint of abrupt particle precipitation at substorm onset, the next focus should be on the dynamical particle acceleration process in the M-I coupling region. Recently, Morioka et al. [2009] found that the field-aligned auroral acceleration shows two distinct types of evolution at substorm onset by studying the dynamical behavior of auroral kilometric radiation (AKR).
[8] AKR emanates from accelerated auroral electrons in the auroral plasma cavity, and the auroral electrons are accelerated in the field-aligned acceleration region formed in the auroral cavity, as has been confirmed by Viking [Louarn et al., 1990] and FAST observations [Ergun et al., 1998; Strangeway et al., 2001; Pottelette et al., 2001] . Therefore, we can consider the source region of AKR to be almost identical to the auroral particle acceleration region, and AKR is the only auroral phenomenon that provides remote information on the vertical structure and dynamics of the acceleration region, although there remain some arguments that the free energy source of AKR is trapped electrons [Louarn et al., 1990; Pritchett et al., 1999] . The altitude range of the AKR-source/acceleration region is estimated from AKR frequency taking into consideration that AKR emanates at a local electron cyclotron frequency in the source along the auroral field line [Pritchett et al., 1999, and 2002, and references therein] . The abrupt frequency expansion of AKR into both higher and lower frequencies at substorm onset is considered to be the development of the AKR-source/acceleration region along the auroral magnetic field line [Kaiser and Alexander, 1977; Morioka et al., 1981; Liou et al., 2000; de Feraudy et al., 2001; Hanasz et al., 2001] . Fairfield et al. [1999] utilized AKR as the proxy of auroral particle acceleration to compare the magnetospheric phenomena with substorms. Morioka et al. [2007 Morioka et al. [ , 2008 showed that "high-altitude AKR" develops explosively (amplitude increases 10,000 times within 30 s) at higher altitudes above a preexisting "low-altitude AKR source" at substorm onset. The breakup of this high-altitude AKR suggests the abrupt formation of a new field-aligned acceleration region above the low-altitude acceleration region.
[9] In this paper, we investigate the detailed evolution of two-step acceleration in the M-I coupling region at substorm. Then, we examine the relationship between the evolution of field-aligned acceleration and plasma flow bursts in the plasma sheet to comprehend the ignition of a substorm process taking place between the plasma sheet and the M-I coupling region.
Data Sets and Terminology
[10] Many simultaneous data sets are used to examine time-dependent substorm phenomena between the plasma sheet, the M-I coupling region, and the ground. The Polar/ Plasma Wave Instrument (PWI) database [Gurnett et al., 1995] provides high time resolution spectrograms of plasma waves with 2.3 s resolution observed in polar orbit with an apogee height of about 9 R E . Global UV auroral images are also provided from Polar/ultraviolet imager (UVI) observations [Torr et al., 1995] with a frame rate of roughly one or two frames a minute. We use images in wavelengths near 1700 Å (longer wavelength band of Lyman-Birge-Hopfield emission) and 1500 Å (shorter wavelength band of Lyman-Birge-Hopfield emission).
[11] The Geotail satellite was launched in 1992 into equatorial orbit. The apogee and perigee altitude of the spacecraft was 31 and 9 R E , respectively, since 1995. Its database provides long-term data on plasma wave spectrograms with 8 s resolution (Geotail/PWI [Matsumoto et al., 1994] ), electric field and magnetic field data with 3 s resolution (Geotail/electric field (EFD) [Tsuruda et al., 1994; Kokubun et al., 1994] ), and ion moment data with 12 s resolution (Geotail/low-energy particle (LEP) [Mukai et al., 1994] ) since 1992. The altitude-time a-t diagrams of AKR (diagrams of time versus AKR source altitude along the field line of L = 7 [see Morioka et al., 2008] ) are derived from AKR spectra obtained by Geotail/PWI and Polar/PWI. The electric field data are calibrated by using in situ plasma data [Kasaba et al., 2006] .
[12] The all-sky auroral TV movie data at Syowa Station (National Institute of Polar Research, Japan) are used to study the fine evolution of optical auroral substorms. The Meridian Photometer Array data from the Norstar/Canada facility [Donovan et al., 2003 ] are used to identify substorm phases.
[13] Substorm events are basically defined from ground geomagnetic field observations. Geomagnetic data with 1 or 5 s resolution at auroral latitudes, midlatitudes, and low-latitudes are available from well-maintained database systems: the World Data Center (WDC) for Aurora at the National Institute of Polar Research, Japan, the SubAuroral Magnetometer Network (SAMNET) at Lancaster University, the Canadian Array for Realtime Investigations of Magnetic Activity (CARISMA) magnetometer network through the Canadian Space Science Data Portal , the 210°Magnetic Meridian Chain at Kyushu University [Yumoto and 210°MN Magnetic Observation Group, 1996] , and WDC-2 for Geomagnetism at Kyoto University.
[14] Here, we will define the technical terms, full substorm and pseudosubstorm, used in this paper. Auroral substorms that begin with initial brightening and are accompanied by longitudinal and poleward expansion are designated "full substorms", and those that stay in an initially activated area followed by no global developments are called "pseudosubstorms", according to Ohtani et al. [1993] .
3. Overview of Field-Aligned Acceleration at Substorm Onset [15] Figure 1 overviews the development of small and large substorms on 31 October 1997, showing an a-t diagram of the AKR source derived from Geotail/PWI (Figure 1a) , magnetograms on the ground (Figures 1b  and 1c ), electron fluxes in synchronous orbit from the Los Alamos National Laboratory (LANL) satellite (Figure 1d) , and the dawn-dusk electric field (Figure 1e ) and X component plasma flow velocity (Figure 1f ) in the plasma sheet observed by Geotail. As the source altitude of AKR is considered to be almost identical with that of the fieldaligned auroral acceleration region, as mentioned in the section 1, the a-t diagram of the AKR source will be, hereafter, regarded as a manifestation of the dynamical behavior of the auroral acceleration. Thus, Figure 1a represents the development of auroral acceleration regions in the M-I coupling region. Magnetospheric activity was expected to become active: the B z component of the interplanetary magnetic field (IMF; from the OMNI-2 data) had changed to negative at 1515 UT and was keeping a value of around −2.5 nT during the period in Figure 1 (not shown).
[16] A low-altitude acceleration region [Morioka et al., 2007] appeared in an altitude range from 3000-5000 km at the beginning of the a-t diagram. This low-altitude acceleration is considered to correspond to so-called inverted-V acceleration [Morioka et al., 2007] . The acceleration gradually enhanced in intensity and slightly expanded in altitude toward higher and lower altitudes twice at about 1611 and 1616 UT (vertical blue rectangles (i) and (ii) in Figure 1 ). The moderate activation of these low-altitude accelerations in the M-I coupling region was accompanied by two low-latitude Pi2 pulsations on the ground (Kakioka Magnetic Observatory; L = 1.3, midnight (magnetic local time (MLT)) = 1504 UT), as shown in Figure 1c . The (Figure 1b ) also showed small negative bays (black trace) and related Pi2 pulsations (blue trace) during the two periods of interest. These geomagnetic small disturbances on the ground and the intensification of the low-altitude acceleration in the M-I coupling region were corresponded to auroral pseudosubstorms. Figure 2 shows the UVI images from the Polar satellite. The field of view of UVI was turned to midnight after 1611 UT, and the imager began to picture two auroral pseudosubstorms after 1611:33 UT (from the fourth frame of the first row of Figure 2 ). One was located in the postmidnight region around 0.5 MLT showing gradual decrease in intensity and faded out at around 1615 UT. This auroral pseudosubstorm would correspond to the first activation of the low-altitude acceleration and related magnetic disturbances (rectangle (i) in Figure 1 ). The other auroral pseudosubstorm was centered on around 22 MLT. The intensification of this aurora at 1615:04 may correspond to the second activation of the low-altitude acceleration. The first issue to be addressed in this overview is that the activation of low-altitude acceleration in the M-I coupling region may cause an auroral intensification at pseudosubstorms.
[17] Major magnetic substorm onset can be defined between 1628 and 1632 UT (vertical yellow rectangle (iii) in Figure 1 ) from the sharp negative bay and Pi2 pulsation in the night-side high-latitude magnetogram at Tixie (Figure 1b) and from the positive bay accompanied by the low-latitude Pi2 pulsation at Kakioka (Figure 1c ). The UV image data from the Polar satellite indicated an auroral breakup between 1628:34 and 1629:57 UT, as seen in Figure 2 . The electron flux at synchronous orbit (1994-084 satellite; midnight (MLT) = 1652 UT) showed a typical dispersionless injection almost simultaneously with the onset of the magnetic substorm ( Figure 1d ). Looking at the M-I coupling region (Figure 1a) , the "high-altitude acceleration" broke out abruptly (AKR breakup [Morioka et al., 2008] ) in the higher altitude range from 8000 to 14,000 km, almost simultaneously with the onset of the major magnetic substorm. It is evident from the intensity contour of the a-t diagram that this high-altitude acceleration region was not a simple extension from the preexisting low-altitude region but one that was newly created above the low-altitude acceleration. Here, note that AKR observations cannot assure that the low-altitude and high-altitude acceleration regions are on the same field line, because AKR has no information on its horizontal extent. However, on the basis of the intimate relations between low-altitude and high-altitude acceleration regions, as will be disclosed later, it is plausible that both acceleration regions are considered to be on the same field line, at least at the onset of a substorm.
[18] The a-t diagram also showed that the breakout of high-altitude acceleration was preceded by about 1-2 min by the gradual activation of low-altitude acceleration, which was slightly expanding toward higher and lower altitudes. The second issue to be addressed in this overview is that substorm onset is composed of the "two-step" evolution of field-aligned acceleration: the gradual intensification of low-altitude acceleration and the following abrupt breakout of high-altitude acceleration. It is also noteworthy that the manner in which the low-altitude acceleration increases in intensity and expands altitude around substorm onset is somewhat similar to that around pseudosubstorms at 1611 and 1616 UT. This suggests that the pseudosubstorm and the first stage of the full substorm result from the same activation process of low-altitude acceleration.
[19] The high-altitude acceleration region ceased once after a 5 min duration and broke out again at around 1641 and 1646 UT, corresponding to the second and third Pi2 pulsations at Tixie and Kakioka (two vertical yellow rectangles (iv) and (v)). Note that faint emissions in the a-t diagram in the altitude range from 12,500 to 14,000 km for 1636-1642 UT are not a real AKR emission but an apparent one imaged by natural LF emissions.
[20] The two types of field-aligned acceleration (lowaltitude and high-altitude acceleration) as derived from the above AKR remote observations would correspond to the live features of statistically observed high-altitude and lowaltitude E // from the in situ measurements by the Polar [Mozer and Hull, 2001] and FAST satellites. The low-altitude acceleration region would be the well-known inverted-V acceleration, which is commonly observed not only at substorm onset but also during the active period over the auroral oval, while high-altitude acceleration is characterized by the transient appearance only at substorm onset [Olsson et al., 2004; Morioka et al., 2007] .
[21] During the periods of interest in Figure 1 , the dawndusk electric field E ySC measured in the spacecraft coordinates (which is roughly equivalent to E yGSE in the GSE coordinates) and plasma velocity V ? x in the plasma sheet (Figures 1e and 1f) showed moderate Earthward plasma flow events (V ? x is the X component velocity of perpendicular plasma flow to the local magnetic field). This suggests that Earthward plasma flows are strongly related to auroral acceleration in the M-I coupling region inducing pseudosubstorms or full substorms, as pointed out by Fairfield et al. [1999] . The third issue to be addressed in this overview is the investigation into the detailed relationship between the flow bursts in the plasma sheet and the fieldaligned acceleration in the M-I coupling region, which might provide important information on the substorm onset process.
[22] In the following, we examine the three issues previously pointed out: (1) activation of the low-altitude acceleration region and its relation to pseudosubstorms in section 4, (2) two-step evolution of the field-aligned acceleration and its relation to full substorms in section 5, and (3) causality between the plasma dynamics in the plasma sheet and the formation of field-aligned acceleration in the M-I coupling region in section 6.
Activation of Low-Altitude Acceleration and Pseudosubstorms

Quiet Time Pseudosubstorms and Low-Altitude Acceleration
[23] Figure 3 shows a typical example of correspondence between pseudosubstorm and low-altitude acceleration on 4 January 1997. A pseudosubstorm is basically defined from auroral images. The UV images ( Figure 3a) showed a spotlike aurora of short duration (∼10 min) in the midnight region starting at around 1410 UT (third frame of Figure  3a ), which is categorized as an auroral pseudosubstorm. Concurrent with this auroral pseudosubstorm, the a-t diagram ( Figure 3b ) derived from the Polar/PWI observation shows the appearance of low-altitude acceleration at about 1410 UT in an altitude range from 2000-6000 km. This acceleration gradually decreased after 1416 UT, accompanying the fadeout of the auroral pseudosubstorm. The a-t diagram again shows the activation of low-altitude acceleration at about 1426 UT. Corresponding to this second enhancement in the low-altitude acceleration region, an auroral spot appeared in the postmidnight oval (not shown). These activations were accompanied with two low-latitude Pi2 pulsations, as seen in the ordinary magnetogram ( Figure  3c ) at the low-latitude midnight station (Kakioka). Note that the ordinary magnetogram at Kakioka showed very small positive bays with comparable amplitudes with the simultaneous Pi2 pulsations (∼1 nT). The period of interest was magnetically quiet (IMF B z component was weakly positive and Kp index was 0 + ). The pseudosubstorms shown here would belong to the "quiet time pseudobreakup" [Kullen and Karlsson, 2004] .
[24] The intimate relationship between the auroral pseudosubstorm and low-altitude acceleration can be understood as an enhanced field-aligned electric field at low-altitude causing an auroral pseudosubstorm. A similar example of quiet time pseudobreakup is given in Figure 4 , to further confirm the relation. Figures 4a and 4b indicate that enhanced low-altitude field-aligned acceleration was accompanied by weak auroral intensifications (pseudobreakups) around 1046, 1054, and 1146 UT on 20 April 1997.
Growth-Phase Pseudosubstorm and Low-Altitude Acceleration
[25] Figure 5 shows the growth and expansion phase of an auroral substorm on 7 April 1998 with magnetograms at Fort Churchill (FCHU) (L = 7.9, midnight (MLT) = 0635 UT) in Figure 5a , a 3 h a-t diagram obtained from the Geotail/PWI in Figure 5b , and a keogram of auroral redline emission (630 nm) at Gillam (L = 6.6, midnight (MLT) = 0637 UT) in Figure 5c . The keogram shows substorm growth phase with the gradual and continuous equatorward motion of the oval from 72°(0300 UT) to 68°(∼0512 UT) and several auroral breakups at and after 0512 UT with sudden intensifications and poleward expansions of the auroral arc. The low-altitude acceleration, which had appeared at 0300 UT in the altitude of about 4000 km (Figure 5b ), showed intensity modulations during the growth phase. It should be noted that the intensity modulations closely corresponded with frequent intensifications of the growth phase auroral oval seen in Figure 5c . The vertical lines in Figure 5c indicate the correspondence between the auroral intensifications, the acceleration enhancements, and the Pi2 pulsations (the pulsation data are shown by two different scales in Figure 5a ). Six correspondences, at least, can be found during the growth phase, indicating that the enhanced low-altitude acceleration caused the pseudosubstorm. The pseudobreakup occurring at around 0455 was the largest one. These auroral intensifications during the growth phase are the growth phase pseudobreakups [Kullen and Karlsson, 2004] . The first auroral breakup was trigged at 0512 UT simultaneously with the breakout of high-altitude acceleration, and then, subsequently, three auroral intensifications occurred in the auroral bulge.
[26] A series of enhancements in low-altitude acceleration are sometimes observed preceding distinct substorm onset, as shown in Figure 6 , in which repeated pseudosubstorms finally developed into a full substorm. It is suggested from these examples that substorm growth phase is composed of Figure 6 . Examples of repeated pseudosubstorms during growth phase and final full substorm. Periodic structures at around 13,000 km are instrumental interference artifacts. [27] The blue rectangle (i) in Figure 7 indicates the period of enhanced low-altitude acceleration started from 2134 UT, with a central altitude of about 4000 km, expanding to higher altitudes up to about 6000 km. This enhancement is regarded as a pseudosubstorm. During the period depicted by this blue rectangle (i), the magnetogram at the night-side auroral station (Syowa; L = 6.0, midnight (MLT) = 0006 UT) showed a small negative bay (Figure 7b ) and highlatitude Pi2 pulsation (Figure 7c ). The midlatitude magnetogram also showed a Pi2 pulsation at Nordli (L = 4.5, midnight (MLT) = 1913 UT) ( Figure 7d ) and a small positive bay at York (L = 2.6, midnight (MLT) = 2308 UT) (Figure 7e ). These are typical features of ground pseudosubstorms [McPherron, 1991] . The second enhancement in the low-altitude acceleration began from 2142 UT, as indicated by the blue rectangle (ii). This acceleration gradually intensified in both magnitude and altitude range. The magnetic variations in the auroral-latitude and midlatitude stations during the period depicted by blue rectangle (ii) are quite similar to those in the previous pseudosubstorm in rectangle (i) . During the course of this intensification, highaltitude acceleration (AKR breakup) suddenly appeared at about 2144 UT at an altitude from 7000-13,000 km. The sequence of these acceleration processes is the two-step evolution of field-aligned acceleration. The magnetograms from both the auroral-latitude and midlatitude stations showed a typical magnetic substorm as seen during the period of the red rectangle. These observations indicate that the first step of the two-step onset (period of rectangle (ii)) is physically the same process as that of the pseudosubstorm (rectangle (i)).
Full Substorm With Two-Step Pi Pulsations on 30 January 1997
[28] Figure 8 shows the correspondence between the twostep evolution of field-aligned acceleration and the two separated irregular pulsations (Pi). Figure 8a indicates that initial brightening began between 1129:59 and 1130:46 UT, and auroral breakup with almost simultaneous poleward expansion broke out between 1131:12 and 1132:36 UT. Corresponding to these two typical signatures of auroral substorm, the a-t diagram of AKR (Figure 8b ) reveals enhanced low-altitude acceleration at around 1131 UT and the breakout of high-altitude acceleration at around 1132 UT: that is, the two-step evolution of field-aligned acceleration. Around the onset of this substorm, the low-latitude pulsation at Kakioka (Figure 8c) indicates the superposition of two component irregular pulsations. Figures 8d and 8e show the shorter-period and longer-period components of the Pi pulsation based on the Hilbert-Huang transform [Kataoka et al., 2009] . The two component waves were different in their start time: the irregular pulsation with a longer period from 50-200 s started concurrently with the enhanced low-altitude acceleration (hereafter termed prebreakup irregular pulsation (prebreakup Pi)), and the pulsation with a shorter period from 10-50 s (hereafter termed breakup Pi) was triggered at the onset of high-altitude acceleration. These are consistent with the earlier analyses of geomagnetic pulsations at substorm onset by and Kataoka et al. [2009] .
Fine Evolution of Full Substorm on 30 April 2003
[29] The event in Figures 9 and 10 demonstrates auroral fine development that followed the two-step evolution of field-aligned acceleration. noticed a wavy formation in a prebreakup arc. Rae et al. [2009] pointed out small-scale optical undulation along the most equatorward preexisting auroral arc prior to auroral breakup. The dotted structure of the present arc at t1 in Figure 9 grew gradually, and it suddenly intensified with poleward expansion at 2043:00 UT (t2: the enlarged frame of the arc is at the bottom right). After that, the auroral substorm expanded to a full substorm. Figure 10 shows the corresponding a-t diagram of the AKR source from Geotail/ PWI (Figure 10a ) and Pi at the Hella Station (L = 5.5, midnight (MLT) = 0009 UT) (Figures 10b-10d) . The blue and red triangles in Figure 10a correspond to the time of arc intensification with dotted structure (t1) and the sudden intensification with poleward expansion (t2) defined in Figure 9 . It is evident that these auroral epoch times correspond to the enhanced low-altitude acceleration at t1 and to the breakout of high-altitude acceleration at t2. The simultaneous Pi again showed that it involves two separated wave trains; that is, prebreakup Pi with a period from 50 to 200 s triggered at enhanced low-altitude acceleration and breakup Pi with a period from 2 to 20 s concurrent with the breakout of high-altitude acceleration, as indicated by the thick blue vertical lines.
Relationship Between AKR Type and Auroral Type at Substorm Onset
[30] Within the context where the two-step evolution of field-aligned acceleration divides a full substorm from a pseudosubstorm, it is expected that AKR breakup would always accompany a full substorm and AKR, which is intensified only in low-altitude, would always accompany a pseudosubstorm. To investigate this presumption, AKR events (from Geotail/PWI data) associated with isolated auroral intensification (from Polar/UVI data) were systematically surveyed for the period from December 1996 to February 1997. Pi2 observations at Kakioka were used to confirm the individual substorm onsets for each auroral event, so that events surveyed were restricted to a limited local time band of 21-24 h MLT at Kakioka. Under these conditions, 13 AKR breakup events and seven low-altitude AKR events were obtained, as listed in Table 1 . The results showed that 12 of 13 AKR breakups were accompanied by full substorms and all of the seven low-altitude AKRs without high-altitude AKR were accompanied by pseudosubstorms (see Figure 11 ). This confirms that what distinguishes a full substorm from a pseudosubstorm is the breakout of high-altitude acceleration in the M-I coupling region.
Role of Low-Altitude Acceleration at Full Substorm
[31] The previous case studies have suggested that highaltitude acceleration at full substorm is induced during the course of development of low-altitude acceleration. To confirm this suggestion, superposed epoch analysis on the development of both high-altitude and low-altitude acceleration was carried out. Data from two months of AKR observation by Polar/PWI (from 1 December 1996 to 31 January 1997) and Pi2 observation by the SAMNET magnetic network were used to sample isolated full substorms, and 11 full substorms were obtained. The results are given in Figure 12 , where Figures 12a and 12b correspond to the superposed average-power profiles of high-altitude and low-altitude AKR, respectively. The epoch time (t = 0) was taken to be the time when high-altitude AKR showed a sudden rise of intensity. The red lines are the logarithmical mean value trace of the power profiles. It is shown from Figure 12 that the low-altitude acceleration began with a gradual increase about 4 min, on average, prior to the breakout of high-altitude acceleration and occasionally began about 30 s prior to the breakout. These statistical results support the implication that the intensification of low-altitude acceleration is a necessary condition for highaltitude acceleration to break out and suggest that the breakout of high-altitude acceleration is ignited when lowaltitude acceleration reaches a certain threshold value, although the threshold value would not be constant but would vary from event to event. What determines the threshold to break out high-altitude acceleration in the M-I coupling region then becomes an important issue.
Tail Plasma Dynamics and Field-Aligned Acceleration
Response of Field-Aligned Acceleration to Fast Plasma Flows in the Plasma Sheet
[32] To investigate the relation of plasma sheet plasma dynamics to the M-I coupling region, in situ plasma flow observations were examined in connection with AKR. Clusters of short-duration high-speed ion flows (flow bursts) are often observed embedded in bursty bulk flow events in the central plasma sheet (CPS) [Baumjohann et al., 1989; Angelopoulos et al., 1992] . Figure 4 shows the correspondence between quiet time pseudosubstorms and plasma flow bursts in the plasma sheet. Figure 4c indicates the V ? x observed by Geotail/LEP. The pseudosubstorm onsets at around 1046, 1054, and 1146 UT on 20 April 1997 were accompanied by isolated Earthward flow bursts. It should be noted that the start of each flow burst always occurred 1-2 min before the appearance of low-altitude acceleration.
[33] Figure 13b shows four intensifications of the fieldaligned acceleration found at around 0534, 0555, 0606, and 0626 UT from the remote observation of AKR by Geotail/ PWI on 4 May 1996. The intensifications were corresponded to ground irregular pulsations at Rabbit Lake (RABB) (L = 6.5, midnight (MLT) = 725 UT), as shown by the arrows in Figure 13a . Figures 13c-13f are the in situ magnetic (B X , B Z ) electric (E ySC ) field and plasma flow velocity V ? x from the Geotail/magnetic field (MGF), LEP observations in the near-Earth plasma sheet. The first pseudosubstorm around 0534 UT was not accompanied by Figure 11 . Correspondence between AKR and auroral types at substorm onset for typical 20 AKR events listed in Table 1 . any in situ field or plasma activities. Remote AKR enhancement without any in situ field or plasma disturbances can be attributed to the fact that (1) the flow burst was too small in the longitudinal direction [Angelopoulos et al., 1996 ; Nakamura et al., 2001b] to hit Geotail or (2) the flow burst ran so far from the Geotail location that only the resulting off-meridional AKR is observed at Geotail. The third pseudosubstorm around 0606 UT occurred with the magnetic field disturbances but without the electric field disturbances or particular flow bursts around the spacecraft. This is also considered to be a situation similar to the first one, although the trail of fast plasma flow would not have been so far from Geotail. When the second pseudosubstorm occurred at around 0555 UT, it was evident that the Earthward fast plasma flow burst ran through near the spacecraft with a velocity of ∼500 km/s, accompanying the strong dawn-dusk electric field of more than 6 mV/m and magnetic field disturbances which represent dipolarization. This indicates that the pseudosubstorm was caused by the typical flow burst event, which would be a manifestation of magnetic reconnection in the midtail.
[34] A full substorm occurred after 0620 UT, which can be identified from the breakout of high-altitude acceleration and large-amplitude Pi2 pulsation. This full substorm is composed of gradually increasing low-altitude acceleration that started at 0623 UT (first-step evolution), in an altitude range from 4000 to 6000 km, and the subsequent explosive development of high-altitude acceleration (second-step evolution) in an altitude range from 8000 to 12,000 km at 0626 UT. The field and plasma data (Figures 13c-13f ) around this full substorm exhibited typical substorm signatures in the plasma sheet [e.g., Nagai et al., 1998 ]: that is, dipolarization, an increased dawn-dusk electric field of more than 10 mV/m, and an Earthward fast plasma flow with a velocity of about 600 km/s. It is noteworthy that both the pseudosubstorm at around 0555 UT and the full substorm at around 0626 UT followed considerably similar flow burst phenomena in the magnitude of their magnetic field and electric field variations and fast plasma flow velocities. This indicates that the scale of plasma dynamics in the plasma sheet does not make any difference between a full substorm and a pseudosubstorm. This is consistent with Ieda et al. [2001] and Ohtani et al. [2002b] , and it repeats the question of what processes or conditions distinguish full substorms from pseudosubstorms.
Statistical Relation Between Flow Bursts and Field-Aligned Acceleration
[35] The response of acceleration in the M-I coupling region to Earthward plasma flow bursts in the plasma sheet was statistically investigated. Flow burst events were selected from the Geotail observations for the period from 23 February 1996 to 31 January 1997 under the following four criteria:
[36] 1. Geotail was located in the midtail CPS (−15 R E ≤ X GSM ≤ −30 R E , and plasma-b ≥ 1.0 [Miyashita et al., 2000] ).
[37] 2. The magnetic local time of the spacecraft was between 22 h and 01 h.
[38] 3. The flow velocity V ? x exceeded 400 km/s as a working criterion [Baumjohann et al., 1990] .
[39] 4. The duration was less than 10 min.
[40] There were a total of 147 selected Earthward flow bursts. For all these events, simultaneous a-t diagrams of AKR were examined to check the correspondence of fieldaligned acceleration with the flow bursts. The correspondence between them was decided when an enhancement or triggering of AKR occurred simultaneously with a flow burst within ±2 min.
[41] Figure 14 shows the occurrence characteristics of Earthward flow bursts in CPS in connection with AKR (field-aligned acceleration). Figure 14a shows the occurrence rates for AKR association, indicating that about 65% of flow bursts were related to the activation or triggering of AKR and the remaining 35% had no connection with AKR. It also shows that about two thirds of AKR-related flow bursts corresponded to low-altitude AKR (low-altitude acceleration), and the remaining one third corresponded to AKR breakup (high-altitude acceleration). This means that only 22% of flow bursts relate to the trigger of full substorm and 43% of flow bursts relate to pseudosubstorm. Figure  14b shows the flow velocity distribution binned every 200 km/s from 400 to 2000 km/s for (i) flow bursts without AKR (hereafter, class-i, blue line), (ii) flow bursts with low-altitude AKR (hereafter, class-ii, green line), (iii) flow bursts with AKR breakup (hereafter, class-iii, red line), and all flow bursts that were detected (black line). The number of flow bursts with velocities above 1200 km/s suddenly decreases, as is consistent with Ohtani et al. [2002b] . The occurrence ratio with respect to the flow velocity is shown in Figure 14c , where velocity bins greater than 1200 km/s are masked because the number of events observed above a velocity of 1200 km/s is not sufficient to estimate the occurrence probability. The occurrence ratio of class-i, class-ii, and class-iii flow bursts showed no dependence on the flow velocity, suggesting that the magnitude of Earthward flow velocity is not a significant factor to generate field-aligned acceleration in the M-I coupling region. 
Summary and Discussion
[42] The substantial evidence that substorm onset is characterized by the vertical evolution of field-aligned acceleration in the M-I coupling region has been reinforced with detailed examinations in this paper. Enhancement of low-altitude acceleration appears first and then, 30 s to a few minutes later, high-altitude acceleration breaks out explosively as if it is induced by the former. This two-step vertical evolution of auroral fieldaligned acceleration is consistent with the earlier descriptions of horizontal auroral expansion by Akasofu [1964] (stage I (sudden brightening) and stage II (breakup) of expansion phase), Kaneda and Yamamoto [1991] (initial brightening and flaring up), and Lyons et al. [2002] (intensity change in "breakup arc" from monotonic to dramatic increase).
[43] The generation of auroral field-aligned acceleration has been discussed in terms of two categories. The first is the formation of a large-scale quasistatic potential difference in the auroral upper ionosphere, which is self-consistently built up due to mixing magnetospheric plasma with ionospheric plasma in the M-I coupling region [e.g., Chiu and Schulz, 1978; Borovsky, 1993, and references therein] . The second is the transient and local formation of a potential drop in the M-I coupling region due to some plasma instabilities and/or kinetic Alfvén waves [e.g., Borovsky, 1993, and references therein]. The former and latter categories would correspond to two types of acceleration in this paper, respectively: low-altitude acceleration formed at an altitude of 4000-5000 km, and the breakout of transient high-altitude acceleration built up within a few 10s of seconds at an altitude of 6000-12,000 km.
Low-Altitude Acceleration and FAC
[44] The observation clearly demonstrated that the activation of low-altitude acceleration without the breakout of high-altitude acceleration leads to a pseudosubstorm and low-altitude acceleration followed by sudden high-altitude acceleration causes a full substorm. The activation process for the low-altitude acceleration, however, does not show apparent differences between the pseudosubstorm and the initial stage of the full substorm. On the other hand, highaltitude acceleration seems to be induced during the course of increasing magnitude of the low-altitude acceleration at a full substorm (see Figure 12 ). This implies that low-altitude acceleration is a necessary condition for the ignition of highaltitude acceleration.
[45] Morioka et al. [2008, 2009] demonstrated that the enhancement of low-altitude acceleration accompanies the gradual increase in upward FAC at the auroral latitude. This suggests that the FAC that originated in the plasma sheet controls the low-altitude potential structure following the Knight relation [Knight, 1973; Lyons, 1981] , where the motive force of FAC is in the plasma dynamics in the plasma sheet [Haerendel, 1992] . The field-aligned potential structure is regulated through the coupling process between magnetospheric and ionospheric plasmas. Chiu and Schulz [1978] estimated the distribution of the field-aligned electrostatic field through a magnetic mirror process and showed that the distribution has a maximum height of around 3000 km above the auroral ionosphere. This height is somewhat consistent with the low-altitude acceleration derived from AKR observations in this study, suggesting that low-altitude acceleration is generated by mechanisms proposed by Chiu and Schulz [1978] .
Current/Current-Driven Instability in Upper M-I Coupling Region
[46] The drift velocity of FAC-carrying electrons plays a crucial role in current/current-driven instabilities in the M-I coupling region. When the gradually increasing FAC reaches some critical value, it is expected to induce certain current/current-driven instability in the M-I coupling region. Note that the height distribution of electron drift velocity has a broad maximum above the upper ionosphere of 1-1.5 R E [Mozer et al., 1977; Morooka and Mukai, 2003] . Figure 15a plots the estimated height distribution of the drift velocity in the auroral plasma cavity for three cases of FAC intensity (j // 0 , 1.3 j //0 , and 1.6 j //0 ), where j //0 is the current density at the ionospheric altitude and is taken to be 3.0 mA/m 2 in the present case. The background electron density (N-h profile) Figure 15 . Drift velocity of FAC-carrying electrons. (a) Altitude profile of electron drift velocity with respect to three current intensities: j 0// , 1.3j 0// , and 1.6j 0// . Vertical dashed line indicates imaginary critical velocity V C for current/current-driven instability. Background electron density is based on profile (i) of Figure 15c (auroral plasma cavity). (b) Solid curves, altitude profiles of electron drift velocity in auroral plasma cavity with respect to background electron density profiles of (i), (ii), and (iii) in Figure 15c ; dotted curve, altitude profile of electron drift velocity in off-cavity latitude with respect to background electron density profile of (iv) in Figure 15c . (c) Background electron density profiles in auroral cavity (MLAT = 68°) (curves (i), (ii), and (iii)) and off-cavity latitude (MLAT = 60°) curve (iv) based on the Akebono observations. is based on the empirical model derived from the Akebono observations [Sato, 1998; Morioka et al., 2005] (see Nh profile (i) in Figure 15c ). It is evident that the current carrying electrons have a peak drift velocity at an altitude of 5000-10,000 km, and the drift velocity changes sensitively to the change in current density. The altitude distribution of the drift velocity in the auroral plasma cavity is also sensitive to the N-h profile. The drift velocity profiles (i), (ii), and (iii) in Figure 15b , corresponding to the N-h profiles of (i), (ii), and (iii) (at magnetic latitude (MLAT) = 68°) in Figure  15c , reveal that the drift velocity in the auroral cavity increases its maximum velocity and peak altitude, being sensitive to a slight electron density decrease in the upper ionosphere. Drift velocity distribution and corresponding Nh profile in off-cavity latitude (MLAT = 60°) are shown by the dotted curve (iv) in Figures 15b and 15c , for reference. These characteristics of the drift velocity strongly support the idea that, when increasing FAC exceeds the critical velocity of V C (vertical dotted line in Figures 15a and 15b) , the current triggers current or current-driven instability in the upper M-I coupling region, leading to double-layer or anomalous resistivity [e.g., Main et al., 2006; Pottelette and Treumann, 2005; Ergun et al., 2004; Kindel and Kennel, 1971] . The buildup of high-altitude acceleration can be attributed to this kind of instability in the M-I coupling region.
What Divides Substorms Into Pseudosubstorms and Full Substorms?
[47] The time difference between the first (low-altitude) and second (high-altitude) evolutions ranges from less than 1 min to a few minutes. This time difference could correspond to the time interval until the FAC increases to a certain level to induce high-altitude instability. However, the "certain level to induce instability," which can be roughly represented by the magnitude of low-altitude acceleration, should change from event to event, as seen in Figure 12 . This suggests that current/current-driven instability is triggered, depending not only on FAC intensity but also on the background plasma environment that controls a level to induce the instability in the M-I coupling region.
[48] From these considerations, we propose that the answer to what divides the substorms into pseudosubstorms and full substorms lies in the M-I coupling system itself. A conceptualization of this is illustrated in Figure 16 . Figure  16b analogically illustrates an FAC circuit where the current generated in the magnetosphere is fed to a part in the M-I coupling region. The part can be compared to an electromagnetic relay, and the drain current from the relay is connected to a break contact point (normally closed: P1) of the relay. The current then flows through the low-altitude potential (V L ) into the ionosphere. This situation corresponds to the enhanced low-altitude acceleration (pseudosubstorm/initial brightening before the breakup). When the increasing FAC exceeds the operational current of the relay (critical drift velocity for instability V C ) and operates the relay (outbreak of instability), the current flows through an albeit contact point (normally open: P2) of the relay and generates the high-altitude potential structure of V H (current or current-driven instability). Here, the operational current intensity of the relay is determined by the number of turns in relay coil, and the number of turns in the relay coil would [Chiu and Schulz, 1978] responsible for low-altitude acceleration (lower dashed curve). Drift velocity curves of P1 and P2 represent the states at prebreakup and breakup, respectively. analogically correspond to the background plasma parameters in the M-I coupling region. Thus, the critical current for instability can vary from event to event, as indicated in Figure 12 , depending on the background plasma environment of the M-I coupling region.
Is Inertial Alfvén Wave Effective to the Two-Step Acceleration?
[49] Particle energization by inertial Alfvén waves in the auroral upper ionosphere is also a candidate for onset acceleration. Observations [e.g., Gary et al., 1998; Stasiewicz et al., 2000; Mende et al., 2003] indicated that Alfvén waves accelerate auroral superthermal electrons almost consistent with theories and simulations [e.g., Hasegawa, 1976; Lysak and Lotko, 1996; Chaston et al., 2003] . Chaston et al. [2007] reported large parallel electric fields above the auroral oval which may occur in double layers driven by Alfvén wave current. Wygant et al. [2002] and Janhunen et al. [2004] showed Alfvén acceleration process at high altitude (4-5 R E ) in substorms. The relation of these Alfvén wave acceleration processes to the substorm onset is, however, not yet well known in both observational and theoretical sides. There are two major constraints to apply inertial Alfvén wave to onset time two-step acceleration presented in this paper. The first is that Alfvén acceleration should be effective at two distinct altitudes (4000-5000 km and 6000-12,000 km). Especially, the evidence that observed high-altitude acceleration region is above the ionospheric Alfvén resonator is crucial for the Alfvén acceleration. The second is the Alfvén acceleration is required to energize electrons up to kiloelectron volt energies to excite breakup arc and cause cosmic noise absorption at substorm onset. Because these constraints are apart from onset acceleration, the Alfvén acceleration process is put aside in the following discussion.
Two-Component Pi2 Pulsation at Substorm Onset
[50] The ULF wave analysis conclusively confirmed the earlier findings [Kadokura et al., 2002; Morioka et al., 2009; Kataoka et al., 2009] that Pi2 pulsation around substorm onset is composed of two components: the first (prebreakup Pi) associated with the appearance of lowaltitude acceleration and auroral initial brightening with longer periods of 50-100 s and the second (breakup Pi) associated with the breakout of high-altitude acceleration and auroral breakup with shorter periods of less than 50 s. It is interesting to note that the prebreakup Pi embedded in the ground Pi2 demonstrated somewhat similar characteristics with ballooning-mode ULF waves in the inner plasma sheet [Cheng and Lui, 1998; Saito et al., 2008] in the period range and appearance in the early phase of substorm onset. If they are identical, this implies that the enhanced FAC generated in the inner plasma sheet accompanies magnetic perturbation, which can propagate to auroral altitude along the field line and cause wavy auroral modulation [Liang et al., 2008] and/or local arc undulation , as seen at t1 in Figure 9 . The breakup Pi with shorter periods is inferred to be a lower-frequency component of Pi1 pulsation induced at auroral breakup [Milling et al., 2008; Murphy et al., 2009] . Our observations also found that they propagate down to middle and low latitudes. The relation of magnetospheric Alfvén waves to onset pulsations on the ground is of recent interest in the energization of auroral electrons at substorm onset [Voronkov, 2005; Keiling et al., 2008] .
Plasma Flow Bursts and Field-Aligned Acceleration
[51] Fairfield et al. [1999] investigated the relation between Earthward flow bursts in the inner magnetosphere and auroral substorms and showed that AKR intensification usually accompanied flow bursts in close time coincidence. The association of AKR with plasma flow bursts was statistically examined in this paper to investigate the response of the M-I coupling region to magnetospheric dynamics at substorm onset. Important evidence disclosed from the statistical study is that about 35% of flow bursts do not affect the intensification or activation of field-aligned acceleration; that is, they have no effect on pseudosubstorms and full substorms (see Figure 14a) . The flows in this group do not have particular velocity characteristics compared with those of flow bursts with AKR, as seen in Figure 14c . However, further study has indicated that the flow bursts without AKR have contrastive plasma b characteristics to the flow bursts with AKR. Figure 17a indicates the occurrence characteristics of all of the detected flow bursts with respect to the in situ plasma b (plasma b of the flow burst), and Figure 17b indicates those of flow bursts with AKR. These plots demonstrate that the majority of the flow bursts were composed of lower-b plasma. In contrast, flow bursts without AKR (Figure 17c) showed a relatively flat distribution with respect to plasma b. This tendency is clearly seen in Figure 17d which shows that flow bursts with AKR are rather apt to occur when plasma b is low, and vice versa. This evidence indicates that flow bursts composed of lower-b plasma, which would correspond to a magnetic-fluxrich plasma bubble [Schödel et al., 2001] , are phenomenologically more effective in activating the M-I coupling region and, consequently, substorm onset. Although more detailed analysis is necessary, one possible explanation is that the magnetic field pileup of low-b flow bursts drives FAC at the braking zone in the near-Earth plasma sheet.
[52] The other important evidence obtained from the statistical study of flow bursts is that about 42% of flow bursts cause low-altitude field-aligned acceleration (pseudosubstorm), and only 22% of flow bursts relate to high-altitude acceleration (full substorm). It should be noted that neither of these substorm-associated flow bursts exhibit distinct dependence on flow velocity, as shown in Figure 14c . This again confirms that the magnitude of flow velocity, which is considered to be a rough measure of flow braking at the near-Earth plasma sheet, is not always an essential factor in triggering full substorms, being consistent with the case study by Ohtani et al. [2002a] , and consequently concludes that arrival of flow burst generated through the magnetic reconnection is not a sufficient condition to drive a full substorm, being consistent with Ieda et al. [2001] .
[53] It would be natural to consider from these observations that the low-b flow bursts that arrived at the inner plasma sheet do participate in generating low-altitude acceleration but are not concerned with the ignition of highaltitude acceleration. The ignition of high-altitude acceleration would be a matter of the M-I coupling region; that is, the background plasma parameters of the M-I coupling region control the ignition, as discussed in subsection 7.3. This harmonizes with the suggestion by Ohtani et al. [2002a] that there is an additional (or alternative) condition that suffices to develop an initial brightening into a full substorm.
Scenario for the Two-Step Evolution at Substorm Onset
[54] Here, we propose a scenario for substorm onset that comprehends the processes taking place in the plasma sheet and M-I coupling region. Schematic illustration of this has been shown in Figure 16a . A flow burst is generated through the magnetic reconnection in the midtail and moves Earthward transporting magnetic flux [e.g., Baumjohann et al., 1990; Shiokawa et al., 1998a; Runov et al., 2009] . The pileup of magnetic field carried by the flow burst results in braking of the flow burst near the Earth, which causes the inertial current. This pileup of magnetic field is more effective when the flow burst is composed of low-b plasma. The inertial current diverges to the FAC during the initial phase of the substorm [Haerendel, 1992; Shiokawa et al., 1998b] , and the current regulates the field-aligned potential (V L in Figure 16b ) following the Knight relation (the low-altitude electric field estimated by Chiu and Schulz [1978] is shown in Figure 16c ). This corresponds to the low-altitude acceleration presented in this paper, which initiates initial brightening or pseudobreakup.
[55] The increasing FAC during initial brightening then leads to sudden current/current-driven instability in the M-I coupling region when the current exceeds a critical level (Figures 16b and 16c) : that is, the breakout of high-altitude acceleration (V H in Figure 16b ) which causes violent electron precipitation and the resulting auroral breakup. This situation is represented by the status change from P1 to P2 in Figure 16b . Tail current disruption and the following abrupt enforcement of the substorm current wedge [Lui, 1996] would start, at this time, being induced by strong rushing FAC from the ionosphere and would expand both latitudinally and longitudinally as the instability region expands in the M-I coupling region.
[56] The condition to develop initial brightening/pseudobreakup into a breakup/full substorm (analogous to the operation of the "ionospheric relay circuit" in Figure 16b ) is determined by both the FAC intensity in the magnetosphere (supplied current intensity to the circuit) and the critical electron velocity V C in the ionosphere (operational current determined by the number of turns in the relay coil).
[57] The suggestion that current carrier electrons of the plasma sheet control the buildup of acceleration in the M-I coupling region accords with Morioka et al. [2003] and Seki et al. [2005] , who showed the disappearance of the fieldaligned potential drop during a storm due to sufficient plasma sheet electrons to drive FAC without any acceleration.
Conclusions
[58] The two-step evolution of field-aligned acceleration was shown in connection with auroral substorm onset on the basis of AKR source dynamics. Our investigations revealed that the auroral acceleration process basically consists of two steps. The first is the appearance/intensification of lowaltitude acceleration at an altitude of 4000-5000 km that induces initial brightening. The second step is the breakout of high-altitude field-aligned acceleration (6000-12,000 km) above preexisting low-altitude acceleration, which results in violent auroral breakup and poleward expansion. Low-altitude acceleration which is not followed by the breakout of high-altitude acceleration (one-step evolution) is a pseudosubstorm.
[59] Plasma-flow bursts in the CPS were investigated in connection with the evolution of field-aligned acceleration in the M-I coupling region. About 65% of the flow bursts were related to field-aligned acceleration in the M-I coupling region, and one third of them developed to full substorm, while the magnitude of the flow velocity did not necessarily divide between the pseudosubstorm and full substorm. It is also shown that flow bursts composed of higher-b plasma made it somewhat harder to affect the M-I coupling region.
[60] We proposed a substorm onset scenario where an Earthward flow burst generated by midtail reconnection caused the first-step evolution of substorms (low-altitude acceleration), and the subsequent instability driven by enhanced FAC in the M-I coupling region ignited substorm breakup.
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